Abstract: This study introduces a low-cost topology used in a wind energy conversion system with efficient power control in order to meet battery charge requirements. The proposed structure is based on a high-frequency three-phase semicontrolled rectifier operating in the discontinuous conduction mode associated with a buck converter. The system comprises three control loops, which limit the current and voltage ratings to the maximum values allowed by the batteries and also regulate the voltage across the intermediate dc link. In addition, a novel maximum power point tracking algorithm that intends to maximise the power extracted from the wind turbine/generator/converter association is proposed. The principle of the proposed technique is based on a modified version of power signal feedback algorithm, where a given power level can be extracted from the wind turbine for each value of the mechanical speed. However, since the optimal power curve is not exactly known and temperature causes considerable variations in the optimal power curve, a method to search the best match is proposed. Experimental results from a 300-W prototype are presented and discussed.
Introduction
One of the major challenges in the control of any wind turbine lies in the wide range of wind speeds that occurs as the weather changes. Large wind farms choose their location carefully to reduce this influence, also aggregating complex turbine control and/or power interface systems that match the turbine operating condition according to the available wind speed to maximise the extraction of energy. Unfortunately, this is not adequate for low power turbines, because the installation site is usually determined by factors other than the wind profile, the generators are usually of permanent magnet synchronous type with fixed electrical characteristics, and cost and reliability are always a major constraint for low power renewable systems [1] .
Considering that commercial battery chargers for small wind energy conversion system (WECSs) typically do not meet such requirements [2] , a student competition sponsored by the Institute of Electrical and Electronics Engineers and the Power Electronics Society, that is, The 2009 International Future Energy Challenge (IFEC 2009) was proposed. The goal was the development of a power electronic converter interface for a WECS that could † Support and protect the system operation under all operating conditions. † Achieve maximum power transfer when charging a 12-or 24-V battery over a wide range of wind speeds without overcharging or damaging the battery. † Provide reliable operation conditions without significant user support over many years of use. † Be a leading edge solution in terms of improved performance, reliability and safety. † Aggregate reduced dimensions associated to minimum component cost and count to minimise manufacturing cost per unit.
More specifically, a low cost power converter should be developed to maximise the energy extraction from a 300-W domestic wind turbine system when operating over a wide range of wind speeds without damaging the battery, the generator and/ or the turbine. Besides, manufacturing cost should be less than US$20 at high-volume production, that is, approximately 100 000 units per year.
Considering the extensive review on power converter topologies for WECSs using synchronous generators in [3, 4] , it has been found that some of them are feasible to small WECSs [5] , which will be briefly described as follows. Although the direct connection of a three-phase rectifier to batteries has been a common practice adopted by some manufacturers, several problems associated with this solution result, such as the reduction of batteries useful life, increase of power losses, quasi-constant speed operation and limited wind speed range operation [6] . To allow operation with variable speed, the use of an intermediate dc-dc stage may be considered. Although a buck converter is employed in [7] for this purpose, energy extraction is only possible above certain value of the mechanical speed. Besides, a crowbar is necessary since electronic braking is limited because of the output voltage rating. A boost converter is used in [8] and energy extraction at low wind speeds is possible. However, since the output voltage limits the maximum mechanical speed, many batteries must be connected in series to allow wide speed range operation, which is a constraint in low power systems. To overcome the aforementioned drawbacks, a buck-boost converter is proposed in [9, 10] . Although wide speed range is possible, the current and voltage stresses in the semiconductors are somewhat high and efficiency is reduced if compared with similar approaches. A discontinuous conduction mode (DCM) three-phase single-ended primary inductance converter (SEPIC) topology is also proposed in [11] . Wide speed range operation and power factor correction (PFC) for the generator currents are achieved, thus reducing the generator losses. However, higher stresses regarding semiconductors and capacitors exist. A single-switch three-phase boost rectifier is employed in [12] with similar characteristics to those in [8] ,
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Research Article although PFC is achieved in this case. To improve control flexibility, a three-stage approach with boost and buck converters was employed in [13] . Even though the optimum design of each conversion stage is possible, global efficiency is less than 90% because of three cascaded stages. A three-phase high-frequency semi-controlled rectifier was proposed in [14, 15] as a simple alternative to other conventional approaches with high component count [16] . This approach allows maximum power point tracking (MPPT) over a wide range of wind speeds, as well as limitation of the current through the battery. Since only two stages are used, increased efficiency is expected if compared with [13] . Partial PFC is possible with reduced total harmonic distortion (THD), that is, <20%. However, the size of input inductors does not make this solution feasible in practical applications. Although the use of a six-switch high frequency rectifier reduces the input filter requirements, the high side switches demand the use of complex drive circuitry [17] .
Regarding the power extraction from the wind turbine, it is well known that there is an optimum angular mechanical speed for each wind speed rating, which then maximises the energy extracted from the wind [18] . A thorough review on MPPT techniques is presented in [19] and the main approaches are briefly reviewed as follows:
(1) Tip speed ratio (TSR) control: The optimal TSR for a given wind turbine is constant and does not depend on the wind. Considering that TSR remains constantly at the optimal value, maximum power is extracted. In this method, the optimal TSR is compared with the actual wind speed. If some error exists, the speed of the generator is changed by the controller aiming to reduce it. The optimal point of the TSR can be determined experimentally or theoretically and stored as a reference [19] . Although this method seems rather simple as wind speed is directly and continuously measured, an anemometer must be used to measure it, as this method does not become feasible in small WECS because of the high cost and other practical issues [20] . (2) Optimal torque control: This method relies on the adjustment of the permanent magnet synchronous generator (PMSG) torque according to a maximum power reference torque of the wind turbine at a given wind speed. In general, this method is simple, fast and efficient. However, efficiency is lower compared with other approaches, for example, TSR control because the wind speed is not measured directly, while wind changes are not reflected instantaneously and significantly on the control action [19, 20] .
(3) Power signal feedback (PSF) control: Considering that the wind turbine characteristic is previously known and the mechanical speed is measured, a lookup table is used to give the optimum power or torque to be imposed for each speed [21] . If the power converter characteristic is known, some other variables, for example, the duty cycle can also be imposed. However, the performance of the aforementioned technique depends on the accuracy of the turbine model and can be also affected by parametric variations. (4) Perturbation and observation (P&O) or hill-climb searching method: It is based on perturbing a control variable using a small step-size and observing the resulting changes in the target function until the slope becomes null [19] . Since the P&O method does not demand prior knowledge of characteristic curves, it is a far simple and flexible approach. However, it is not able to determine the maximum power point (MPP) when rapid wind variations occur in large and medium inertia wind turbines.
Considering the limitations of the aforementioned methods, this paper proposes a novel MPPT technique used in a small WECS based on a three-phase high-frequency semi-controlled rectifier operating in DCM.
Proposed WECS
The WECS in Fig. 1 is composed of a PMSG connected to a three-phase rectifier using three active switches and three diodes [14, 22, 23] . Since DCM operation is adopted, external film capacitors associated with the internal impedances of the electric generator L 1 , L 2 and L 3 are used to mitigate the high frequency current ripple. The dc-dc stage is a conventional buck converter. The main advantages of the proposed WECS when compared with other conventional approaches are [24] † All switches in the rectifier stage are connected to the same reference node, thus simplifying the drive circuitry. † There are not switches in series in the rectifier stage, thus eliminating the possibility of short-circuit through legs. † There are only two conversion stages, with consequent increase of efficiency if compared with [14] . † The dc link voltage control and the step-up characteristic allow the operation at both low and high wind speeds. † The controlled switches allow obtaining an electronically controlled braking system without the use of additional resistances or relays. Fig. 1 High-frequency three-phase DCM semi-controlled rectifier associated with a buck converter † DCM operation implies the reduction of dimensions of involved magnetics if compared with other topologies that operate in continuous conduction mode (CCM). Besides, there is no need of current sensors and additional control loops, while partial PFC occurs.
Operation of the DCM three-phase rectifier
The rectifier operates as a boost converter in DCM. When switches S 1 , S 2 and S 3 are turned on, current flows through them, while the currents through the respective inductors also increase. Diodes D 1 , D 2 and D 3 are reverse biased and capacitor C 4 provides energy to the buck stage. When switches S 1 , S 2 and S 3 are turned off, diode D 1 , D 2 and D 3 can be forward biased depending on the current direction, while energy is transferred to the load. Fig. 2 shows that one cycle of voltages V a , V b and V c can be divided in six sectors with similar behaviour and detailed as follows.
Sector 1: Voltages V a and V c are positive, while V b is negative. When switches S 1 , S 2 and S 3 are turned on, line currents I a and I c increase linearly and flow through switches S 1 and S 3 , respectively, while line current I b decreases linearly flowing through the anti-parallel diode of switch S 2 , as shown in Fig. 3 . When switches S 1 , S 2 and S 3 are turned off, line currents I a and I c decrease linearly flowing through diodes D 1 and D 3 , respectively. Current I b increases linearly flowing through the anti-parallel diode of switch S 2 , as shown in Fig. 3 . When current either I a or I c becomes null, the remaining parameter becomes equal to I b and the currents vary linearly until they become null. Fig. 4a shows that the currents through inductors L 4 , L 5 and L 6 become null, thus representing the operation in DCM. However, their respective envelopes are sinusoidal, which is a typical characteristic of the a Mechanical torque T mec , ideal optimal mechanical torque T mec_opt and optimal torque curves for different values of k 1 (T mec_opt1 , T mec_opt2 , T mec_opt3 ) b Mechanical power (P mec ), ideal optimum power (P mec_opt , dotted lines), output power and optimal power curves for different values of a given constant k 1 (P mec_opt1 , P mec_opt2 , P mec_opt3 ) The complete set of equations regarding the ac-dc stage allows plotting the instantaneous generator currents (Fig. 4b) , the generator currents and the active power (Fig. 4c) as a function of the duty cycle. Besides, the active power can be obtained as (1) , which can be determined without current sensing, where k v ω m is the phase voltage induced in the synchronous generator, D is the duty cycle, V dc is the intermediate dc link voltage, L is the boost inductance and f s is the switching frequency
Control system
The following goals must be achieved by the control system for the accurate operation of the WECS: † The voltage across the intermediate dc link represented by V C4 must remain constant. † The maximum voltage and current ratings of the battery must be limited. † Maximum power is supposed to be extracted from the wind turbine when the battery is not fully charged. † The ac-dc boost converter operates in DCM, but the dc-dc buck converter operates in CCM. Fig. 5a shows the control loop used to regulate the dc link voltage. An internal current loop limits the maximum charging current at the desired value. Although this control loop is always supposed to operate if an overvoltage across the dc link occurs, the rectifier switches are temporally turned on causing a short circuit in the generator and the wind turbine to brake. Fig. 5b presents the battery voltage control system. If the battery voltage reaches the desired value, a digital proportional-integral controller reduces the rotational speed of the generator and the power extracted from the wind turbine is reduced, as the new operating point is not coincident with the MPP. The rotational speed can be measured by the frequency of the generator voltages or currents, being controlled by the duty cycle applied to the boost rectifier. If the battery is discharged, the rotational reference increases until the threshold value, which can be detected when the MPPT algorithm runs. When the battery is fully charged, the wind turbine is braked by short-circuiting it, which is a typical strategy used in small scale systems.
MPPT algorithm
The power available from the wind P v and the mechanical power available at the rotor P mec are given by (2) and (3), respectively, where ρ is the air density, R is the turbine radius, v is the wind speed, C p is the power coefficient of the wind turbine, which depends on the TSR given by l in (5)
From typical curves of C p against l, the optimum TSR l opt for a given wind turbine is constant and independent on the wind and rotational speeds as stated in (5)
Substituting (5) in (2) and (3) gives (6), as it is possible to see that there is an optimum mechanical power for each rotational speed. It is also worth to mention that conventional TSR control can be ideally based on expression (6) [19] . Fig. 6a shows the torque as a function of the rotational speed for different wind speeds and the torque for the optimum power curve T opt as obtained in (7). Fig. 6b represents the respective mechanical power curves extracted from the wind and the optimum mechanical power curve P opt as dotted lines
where C p_opt is the optimum power coefficient of the wind turbine, k opt is a given constant and T mec_opt is the optimum mechanical torque. However, the output power P o delivered to the battery must take into account the losses in the generator and the power converter given in (8) , where R eq represents the equivalent resistance of the generator windings and the rectifier stage. Considering typical parameters used in small WECSs, the output power curves are shown as continuous lines in Fig. 6b . It can be seen that the influence of conduction losses is considerable as the maximum output power occurs in higher rotational speeds than those for the maximum mechanical power (8) where I rms is the rms current through the generator windings.
Although the maximum extracted electrical power as a function of the mechanical speed cannot be obtained algebraically because of the nonlinear characteristic of the wind turbine, this paper proposes the approach indicated in (9) as a possible solution
where k 2 is a given constant.
Substituting (6) and (7) in (9), the maximum electrical power for each mechanical speed becomes
Considering that k 0 is a typically known constant, the MPPT algorithm must determine the value of k 1 that generates the best output power curve. The curves P mec_opt1 , P mec_opt2 and P mec_opt3 considering three distinct values of k 1 are shown in Fig. 6b .
The proposed algorithm is based on modified PSF control, where a given power can be extracted from the wind turbine for each value of the mechanical speed. However, considering that the optimal power curve is not exactly known and temperature may influence k 1 significantly, aP&O approach is suggested to determine the best match for the power curve and described as follows. The main difference regarding the proposed method if compared with the traditional PSF control lies in varying parameter k 1 so that the extracted power can be maximised considering that parametric variations exist in the system. According to Fig. 7 , given an initial value of k 1 , an array is filled with data on the measured output power against rotational speed. To avoid the influence of the energy because of acceleration or deceleration, such measurements are valid only if constant speed occurs. Then, considering real wind conditions, some array positions are filled after a few minutes. Dividing the measured power by the cubed rotational speed causes the array to be linearised in the second stage of Fig. 7 . The least squares method is then applied in the third stage, where coefficients k 0 and k 1 are obtained. The resulting power curve is then compared with a previous one (obtained with the previous value of k 1 ). This comparison must take into account a displacement in power curves in order to compare the obtained power for the same wind speeds. If the obtained power curve profile is improved of compared with the previous one, parameter k 1 is once again disturbed in the same direction. Otherwise, the disturbance occurs in the opposite direction. Therefore the proposed algorithm is able to provide the best power curve as well as to adapt this value considering parametric variations, which are mainly because of temperature.
Experimental results
The design specifications are shown in Table 1 , leading to the design of an experimental prototype. Some relevant results are presented and discussed as follows.
Dynamic behaviour
A positive step in the reference signal causes the output current to increase from 10 A to 20 A as shown in Fig. 8a . It can be seen that overshoot is small and time response is <25 ms. Owing to the battery voltage variation, the duty cycle varies about 4%.
To validate the operation of the intermediate dc link voltage loop, a positive step is applied to the reference signal resulting in the waveforms shown in Fig. 8b . The dc link voltage is stepped up and down from 50 to 70 V and vice versa without overshoot, with a time response lower than 500 ms.
The mechanical speed control loop is validated considering a positive step in the reference signal from 400 to 500 rpm in Fig. 8c . Although no mechanical sensors are used, it can be stated that good step response without overshoot is achieved in <500 ms. Fig. 8d shows the forced startup of the wind turbine, where there are no additional stresses regarding the currents and voltages on the power converter.
Steady-state behaviour
The line voltage is maintained at V LL = 31 V and the intermediate dc link voltage is V dc = 60 V in the experimental tests, while some results are presented in Fig. 9 and discussed as follows. Fig. 9a shows that the output voltage is regulated at V o = 14.5 V. The voltage across the active switch of the buck converter presents no overshoot and the current through the buck inductor is continuous with the expected ripple rating.
The waveforms regarding the boost converter operation in steady-state condition are shown in Figs. 9b and c. The current and voltage waveforms are as expected in theory, denoting the operation in DCM. The measured THD is 19.5% and power factor is 0.98. Although the current is nonsinusoidal, its respective harmonic content is quite reduced if compared with the conventional three-phase diode rectifier with capacitive filter.
The efficiency curves as a function of the output power are represented in Fig. 10a . Efficiency is about 88% at the maximum power when a 24-V battery bank is used. Even though the achieved values are acceptable over the entire load range, efficiency can be improved by using a synchronous rectifier in the buck stage. The power factor curve is shown in Fig. 10b and it can be seen that this parameter remains higher than 0.97 over a wide load range as expected. If compared with other solutions available in literature, the proposed WECS presents improved efficiency if compared with the approaches in [6, 7] , where there is no PFC because a diode rectifier is used. Besides, considering the use of a buck-boost converter in [9, 10] and a SEPIC converter in [11] , where higher current and voltage stresses exist, poor efficiency is also expected. Finally, it is reasonable to state that efficiency is higher in the introduced WECS because it uses only two power stages instead of three as in [13] .
MPPT response
To validate the MPPT algorithm, a repetitive wind speed profile ranging from 6 to 9 m/s is applied according to the waveforms shown in Fig. 10c . At t = 0 s, an initial maximum power curve is followed. Then, after few dozens of seconds, the collected data are enough to allow the application of the least squares method in order to provide the normalised acquired power. A new curve is then generated and a new set of data is obtained, while the updated normalised power profile is compared with the previous one. Although the microcontroller limitations introduce some uncertainties and oscillations, it can be seen that the MPPT factor tends to decrease until a new steady-state value is achieved between 3000 s and 3500 s, as expected because of the increase of the windings temperature. At higher values of winding resistances, the output power can be increased with higher rotational speeds, where the voltages become higher and currents are lower. At t = 3700 s, forced cooling is used in the PMSG. As the windings resistances decrease, the MPPT factor is increased and the system tends to operate close to the optimum TSR of the wind turbine. Table 2 shows the cost of each component used in the project considering high scale production as stated in the aforementioned contest. Besides, total cost is about U$20.00. Even though high component count seems to be necessary for the prototype, dimensions are small as seen in Fig. 10d. 
Manufacturing cost

Conclusions
Despite the low cost and small size of the proposed converter, it is able to process the required power with acceptable efficiency and high power factor. A proper control strategy has been used to limit the voltage and current in the battery, thus preserving its useful life. The boost rectifier stage allows the extraction of power even at low wind speeds and the DCM operation allows the use of small size inductors with PFC and acceptable THD, thus increasing the overall system efficiency. Besides, it is worth to mention that the proposed WECS does not require dumps or emergency loads to protect the wind turbine against over speed. The components cost is estimated at about U$ 20.00 as desired.
To optimise the power extraction, a MPPT technique that adapts the power curve used by the TSR control has also been proposed. Although satisfactory performance is achieved, it can be further improved by the investigation of wind speed estimation algorithms. 
